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ABSTRACT: Two novel 112-type palladium doped iron arsenides were synthesized and identified using comprehensive 
studies involving synchrotron x-ray diffraction and x-ray absorption near edge structure (XANES) experiments. 
Whereas in-plane arsenic zigzag chains were found in 112-type superconducting iron arsenide, Ca1-xLaxFeAs2 with 
maximum Tc = 34 K, deformed arsenic network structures appeared in 112-type materials such as longitudinal arsenics 
zigzag chains in CaFe1-yPdyAs2 (y ~ 0.51) and arsenic square sheets constructed via hypervalent bonding in 
Ca1-xLaxFe1-yPdyAs2 (x ~ 0.31, y ~ 0.30). As K-edge XANES spectra clarified the similar oxidization states around 
FeAs4 tetrahedrons, expecting us the possible parents for high Tc 112-type iron arsenide superconductors. 
■ INTRODUCTION  
 P-block elements construct various network structures that 
satisfy the Zintl-Klemm electron counting rule. Light p-block 
elements easily exhibit strong s-p hybridization to form 
complex network structures such as honeycomb lattices in 
MgB2
1
 and CaC6
2
 and diamond lattices in elemental Si. By 
contrast, heavy p-block elements such as Sb and Te show 
weak s-p hybridization, resulting in lattice networks oriented 
by strong p character such as zigzag chains in CaSb2
3
 and 
EuSb2
4
. Furthermore, some compounds with heavy p-block 
elements often exhibit hypervalent states
5
 that do not obey the 
Zintl-Klemm electron counting rules, resulting in the 
formation square sheets and ladders. 
The bonding chemistry exhibited by p-block elements can 
potentially enable the creation of novel parents for high Tc 
iron-based superconductors. The iron based superconductors 
consist of the alternate stacking of FeAs layers and the spacer 
layers. Recently, arsenic network structures have been 
introduced as spacer layers in, for example, 
Ca10(M4As8)(Fe2-xMxAs2)5 (M = Pt, Ir, and Pd) with maximum 
Tc = 38 K, which contains Fe2As2 and M4As8 spacer layers in 
which neighboring MAs4 squares are connected through either 
corner sharing or dimerization between adjacent divalent 
arsenics
6-12
. Another example is the 112-type iron arsenide, 
Ca1-xLaxFeAs2 with maximum Tc = 34 K, in which adjacent 
monovalent arsenic atoms form zigzag chain layers
13-16
. 
Considering that As is located between light elements such as 
Si and heavy elements such as Sb and Te on the periodic table, 
the emergence of the various arsenic network structures can be 
expected in iron arsenides depending on the degree of s-p 
hybridization, leading to novel parents for high Tc 
superconductivity. 
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To address this issue, we focus our attention on 
112-type families. Although 112-type iron arsenides 
have never been identified except for the 
superconducting Ca1-xLaxFeAs2 and its derivatives with 
zigzag chain layers13-16, there exist in other 112-type 
families many isostructural materials with a variety of 
network structures composed of p-block elements, e.g., 
in-plane zigzag chains in SmAuAs2
17, cis-trans chains in 
LaAgAs2
17, antimony square sheets constructed by 
hypervalent bonding in BaZnSb2
18, and the longitudinal 
zigzag structure that is believed to connect neighboring 
layers in CeAgSi2
19. Thus, we can expect further 
possibilities to obtain novel 112-type iron based families 
from the proper tuning of arsenic network structures. 
This will lead to opportunities for the comparative study 
of the relationship between electric states and their 
underlying lattice geometries. 
In this paper, we report two unprecedented 112-type Pd 
doped iron arsenides with various arsenic network 
structures as spacer layers. The substitution of Pd for Fe 
made it difficult to identify elemental species using 
conventional x-ray diffraction experimental methods 
because the atomic scattering factors of As and Fe/Pd 
ions are, by coincidence, nearly equivalent. However, by 
taking advantage of the energy dependent terms of the 
atomic form factors, or so-called anomalous dispersion 
terms, were able to successfully distinguish the 
scattering factors Additionally, we determined through 
x-ray absorption near edge structure (XANES) 
experiments that the 112-type iron arsenides have 
similar electronic states. We also discuss the dominant 
factors causing deformation of arsenic network 
structures in 112-type iron-based arsenides. 
 
■ EXPERIMENTAL SECTION 
Synthesis. The polycrystalline samples were obtained 
by heating a mixture of Ca, La, Pd, FeAs, and As 
powders with various nominal compositions. We will 
discuss the details of the respective compositions later. 
The mixture was placed in an aluminum crucible and 
sealed in an evacuated quartz tube. The preparation was 
then carried out in a glove box filled with nitrogen gas, 
Figure 1. The possible crystal structures for tetragonal (a-c) and orthorhombic (d-f) samples obtained from 
conventional structural analysis using single crystalline x-ray diffraction data. The obtained reliability factors are R1 
= 7.17, 7.34, and 7.42 for the respective tetragonal samples. For the orthorhombic samples, R1 = 3.67, 5.14, and 4.74 
were attained, respectively. The relative ratios of the structural factors with the incident x-ray energies of 11.30 and 
11.85 keV compared between the simulated and experimental results in g for tetragonal and h for orthorhombic 
samples clearly indicate a positive relation by assuming a for tetragonal and d for orthorhombic structures, 
respectively. See text for more details. 
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with the ampules heated at 700℃ for 3 h and then 
slowly heated further up to 1,100℃, cooled to 1,050℃ 
at a rate of 1.25℃/h, and finally furnace cooled.  
 
Synchrotron x-ray diffraction. Single-crystals with a 
typical dimension of 60 × 50 × 30 m
3
 were picked 
from the obtained polycrystalline samples and used for 
synchrotron x-ray diffraction experiments at the BL8A 
beamline at PF, the KEK facility in Tsukuba, Japan. The 
obtained lattice parameters and refined conditions are 
summarized in Table I. 
 
XANES experiment. XANES spectra were then 
obtained using the same 60 × 50 × 30 m
3
 single 
crystals that were used for the single crystal x-ray 
diffraction experiments. The XANES experiments were 
conducted at the BL11S2 of Aichi 
Synchrotron Radiation Center of the Aichi Science & 
Technology Foundation in Aichi, Japan. The obtained 
data were analyzed using the Athena software package. 
 
■ RESULTS AND DISCUSSIONS 
Crystal structural analysis. A synchrotron x-ray with 
an incident energy of E = 18.0 keV was used to conduct 
structural analysis. Although diffuse scatterings 
appeared, all of the peaks were distinct and could be 
successfully indexed as sharp Bragg peaks, indicating 
the presence of high quality single crystals without 
impurities. We will discuss the origin of diffuse 
scatterings later. Although superconducting 
Ca1-xLaxFeAs2 crystallizes in a monoclinic structure with 
typical lattice parameters of a = 3.94710(10) Å, b = 
3.87240(10) Å, c = 10.3210(7) Å, and  = 91.415(6)° 13, 
we obtained tetragonal and orthorhombic arsenides in 
these studies, which we will hereafter refer to as 
“monoclinic samples,” “tetragonal samples,” and 
“orthorhombic samples,” respectively. After careful 
investigation of extinction rules and Laue symmetry, we 
determined the space group to be I4/mmm and Cmcm for 
the tetragonal and orthorhombic samples, respectively. 
As a result of the ionic size effect, the in-plane lattice 
parameters were increased by substituting Pd for Fe.  
Following the conventional procedures for structural 
refinement, we successfully determined the atomic 
positions for both samples. However, as shown in Figure 
1, there existed three possible candidate structures, each 
with a low reliability factor, R1, for each sample owing 
to the close similarity between the atomic form factors 
of As and Fe/Pd ions, which means that the relation 
𝑓𝐴𝑠 ≅ (1 − 𝑥)𝑓𝐹𝑒 + 𝑥𝑓𝑃𝑑 is satisfied. Although the 
 
Table I. Summary of collected and refined data for 
tetragonal and orthorhombic samples at 120 K. The data 
were collected using a synchrotron x-ray with an 
incident energy of E = 18.0 keV.  
A. Tetragonal Sample 
Chemical Formula Ca1-xLaxFe1-yPdyAs2 
Space group I4/mmm 
cell dimensions  
a (Å) 3.99280(10) 
c (Å) 20.4154(7) 
V (Å3) 325.472(16) 
observed reflections 2772 
resolution (Å) d > 0.40 
independent reflections 721 
Completeness 0.846244 
Redundancy 3.844660 
R merge 5.934600 
R merge (2 cut) 5.911445 
B. Orthorhombic Sample 
Chemical Formula CaFe1-yPdyAs2 
Space group Cmcm 
cell dimensions  
a (Å) 4.07440(10) 
b (Å) 17.6291(4) 
c (Å) 4.1520(7) 
V (Å3) 298.23(5) 
observed reflections 3057 
resolution (Å) d > 0.40 
independent reflections 1231 
completeness 0.861442 
redundancy 2.483347 
R merge 2.654790 
R merge (2 cut) 2.587448 
Figure 2. a and b show the energy dependences of the 
anomalous dispersion term of the atomic form factor 
for As near the K absorption edge. c and d show the 
energy dependences of the 20–10 Bragg peak intensity 
for the tetragonal samples, while e and f indicate the 
energy dependences of the 2–60 Bragg peak intensity 
for the orthorhombic samples. c and e are measured at 
11.30 keV, while d and f are measured at 11.85 keV. 
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models depicted in Figures 1c and 1f could be safely 
excluded based on chemical considerations, further 
experiments were required to determine which structures 
were assumed by the respective samples. To make the 
distinctions, we employed the energy dependences of the 
Bragg peak intensity around the absorption edge. In 
general, the atomic form factor can be expressed as  
𝑓 = 𝑓0 + ∆𝑓′ + 𝑖∆𝑓′′         (1) 
where 𝑓0 is the Q dependent term and f’ + if’’ is the 
anomalous dispersion term dependent on E. Because f’ 
shows divergence and f’’ jumps discontinuously at the 
absorption edge, as shown in Figures 2a and 2b, we can 
observe the strong E dependences on Bragg peak 
intensity around the As K absorption edge. This E 
dependence allowed us to distinguish As sites from 
Fe/Pd sites, enabling the identification of all atomic 
sites. 
Figures 2c-2f show the single crystal x-ray diffraction 
experimental patterns produced at incident x-ray 
energies of E = 11.30 and 11.85 keV for tetragonal (2c 
and 2d) and orthorhombic samples (2e and 2f). Note that 
incident x-ray energies higher than the As K absorption 
edge energy of 11.8667 keV were not used in this 
experiments to avoid statistical degeneration in the data 
as a result of the strong absorption of incident x-rays and 
subsequent fluorescence at such high energies. The 
relative ratios of the structural form factors to incident 
x-ray energy can be estimated using the following 
equation: 
 
𝐼11.30𝑘𝑒𝑉(ℎ𝑘𝑙)
𝐼11.85𝑘𝑒𝑉(ℎ𝑘𝑙)
=
𝐴11.30𝑘𝑒𝑉(ℎ𝑘𝑙)|𝐹obs_11.30𝑘𝑒𝑉 (ℎ𝑘𝑙)|
2
𝐴11.85𝑘𝑒𝑉(ℎ𝑘𝑙)|𝐹obs_11.85𝑘𝑒𝑉 (ℎ𝑘𝑙)|
2
 ≅
|𝐹obs_11.30𝑘𝑒𝑉(ℎ𝑘𝑙)|
2
|𝐹obs_11.85𝑘𝑒𝑉(ℎ𝑘𝑙)|
2
     (2) 
 
where I and F indicate the Bragg peak intensity and the 
structural form factor at a specific incident energy, 
respectively, and A is a function of the absorption 
coefficient and the Lorentz and polarization factors. The 
approximation 𝐴11.30𝑘𝑒𝑉  ≅ 𝐴11.85𝑘𝑒𝑉  can be applied 
when performing diffraction experiments with different 
incident energies under otherwise similar conditions. 
The obtained relative ratios were then compared with 
simulated relative ratios calculated using  
|𝐹sim_11.30𝑘𝑒𝑉 (ℎ𝑘𝑙)|
2
|𝐹sim_11.85𝑘𝑒𝑉(ℎ𝑘𝑙)|
2 =
|∑ 𝑓𝑗11.30𝑘𝑒𝑉𝑒
−2𝜋𝑖(ℎ𝑥𝑗+𝑘𝑦𝑗+𝑙𝑧𝑗)
𝑗  |
2
|∑ 𝑓𝑗11.85𝑘𝑒𝑉𝑒
−2𝜋𝑖(ℎ𝑥𝑗+𝑘𝑦𝑗+𝑙𝑧𝑗)
𝑗  |
2 (3)  
where j indicates the elemental specie. Both 
experimental and simulated ratios were collected for all 
indices available in these experiments. As summarized 
in Figures 1g and 1h, a clear positive relation was 
obtained only when the structures depicted in Figures 2a 
and 2d were assumed, indicating that these structures are 
the ones occurring in the analyzed samples. The 
resulting refinement details, including atomic 
coordinates, are summarized in Table II.  
 
 Diffuse scattering. The single crystal x-ray diffraction 
experiments summarized above clarified that 
temperature-independent diffuse scattering peaks 
appeared in both the tetragonal and orthorhombic 
samples, indicating the inherent short-range ordering 
emerges shown in Figure 3. By performing x-ray 
diffraction experiments on the orthorhombic samples 
with incident x-rays both parallel and perpendicular to 
the stacking b direction, we clarified that the diffuse 
scattering peaks produced by these structures appear as 
streaks running toward the b axis direction, as shown in 
Figures 3a-3c. These diffuse streaks originate from the 
positions corresponding to non-integer indices; e.g., (3/2 
1 3/2), as shown in Figure 3a, indicating that short range 
ordering with a 2a × 2c superstructure emerges with 
weak correlation along the b axis. The in-plane 
correlation length was estimated to be almost 80 Å 
through the application of Scherrer’s formula based on 
the measured cross-section width of the diffuse streaks. 
Based on these results, we can speculate that the short 
range ordering originates from the Fe/Pd arrangements 
in the ac plane with a correlation length of ~ 80 Å. One 
possible scenario is that Fe and Pd form 
checkerboard-like arrangements depending on the 
composition of CaFe1-yPdyAs2 with y ≅ 0.5.  
Figure 3. a shows a schematic of the diffuse streak 
around the 3/2 1 3/2 position in the orthorhombic 
samples. Thus was constructed via several diffraction 
experiments, as shown in b and c. The closed and open 
circles indicate the Bragg and extinction peaks, 
respectively. d indicates the diffuse scattering occurring 
in the tetragonal samples.  
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Temperature-independent diffuse scattering appeared in 
the tetragonal sample as well, probably as a result of the 
co-substitutions of Fe by Pd and Ca by La. Plate-like 
diffuse scattering appeared in the tetragonal samples, 
indicating a weak correlation. Further experimental 
studies will be required to clarify the accurate short 
range ordering patterns. 
 
XAFS experiments. Although the tetragonal sample 
structure can possibly be expressed using the chemical 
formula (Ca1−𝑥
2+ La𝑥
3+)(Fe1−𝑦
2+ Pd𝑦
2+As3−)As− ∙ 𝑥𝑒− with  
an excess charge of 𝑥𝑒−  injected into the 
Fe1−𝑦
2+ Pd𝑦
2+As3−  layers, we cannot easily predict the 
arsenic oxidation state for the orthorhombic sample 
owing to the short interlayer As-As length of 𝑟As−As ≅
2.47 Å  as shown in Figure 4a, which depicts the 
complex longitudinal network structures of arsenics and 
the resulting anomalous oxidation states of the system. 
To determine the bonding nature and oxidation states of 
the orthorhombic samples, we performed Fe and As 
K-edge XANES experiments for an orthorhombic 
sample with SrFe2As2, tetragonal and monoclinic 
structures, as described in the references. Figure 4b 
shows the Fe K-edge x-ray absorption near-edge spectra 
for the orthorhombic, tetragonal, and monoclinic 
 
Table II. Crystallographic parameters of tetragonal and 
orthorhombic samples at 120 K based on refined site 
occupancy, atomic coordinates, and thermal parameters. 
M(1) represents Ca1-xLax with x = 0.306(8). M(2) and 
M’(2) represent Fe1-yPdy with y = 0.298(16) and 0.486(8), 
respectively. The occupancy is fixed at 1 in all atomic 
sites. 
A. Tetragonal Sample 
Refinement resolution (Å) 
R1 (4 cut) 
R1 (all reflections) 
>0.40 
0.0583 
0.0601 
Site Atomic position 
x/a y/b z/c 
As(1) 0 0 0.32009(5) 
As(2) 0 0.5 0 
M(1) 0 0 0.11536(6) 
M(2) 0 0.5 0.25 
B. Orthorhombic sample 
Refinement resolution (Å) 
R1 (4 cut) 
R1 (all reflections) 
>0.40 
0.0295 
0.0325 
Site Atomic position 
x/a y/b z/c 
As(1) 0.5 0.03302(4) 0.25 
As(2) 0.5 0.17324(5) 0.25 
Ca(1) 0 0.10252(7) 0.75 
M’(2) 0 0.25118(4) 0.25 
samples. The overall appearances of these are quite 
similar, with a common prominent pre-edge peak at 
around 7110 eV that can be attributed to similar FeAs4 
tetragonal configurations. The edge energies are nearly 
identical, suggesting that quite similar oxidation states 
are present despite the different arsenic network 
structures. Figure 4c shows As K-edge XANES spectra 
for orthorhombic and SrFe2As2 with trivalent arsenics as 
a reference. The edge energies are consistent, clearly 
indicating the presence of trivalent arsenics consisting of 
 Fe1−𝑦Pd𝑦 As layers.  
 Based on our XANES experimental results, we can 
successfully deduce the chemical formula of the 
orthorhombic samples to be Ca2+(Fe1−𝑦
2+ Pd𝑦
2+As3−)As−, 
with perhaps some excess charge carriers. This in turn 
implies the absence of strong longitudinal As-As 
bonding connecting the neighboring layers in the 
orthorhombic samples although the short interlayer 
expects us the presence of covalent bonding there. Some 
attractive interaction should work between the 
neighboring layers without changing the formal electron 
counts.  
 
Phase diagram and discussion. As clarified from the 
synchrotron x-ray diffraction experiments, the samples 
consist of alternately stacked (Fe,Pd)As layers with 
arsenic network structures located between them. Bulk 
superconductivity has never been detected in tetragonal 
or orthorhombic samples, probably as a result of the 
oversubstitution of Pd for Fe. However, the existence of 
(Fe,Pd)As layers would suggest the emergence of 
superconductivity as a result of proper tuning of the 
Figure 4. a Schematic of possible arsenic network 
structures in orthorhombic sample. b and c Absorption 
spectrum measured at Fe and As K-edge on 
orthorhombic sample with references. Tetragonal and 
monoclinic samples were used for b, and SrFe2As2 was 
employed for c, as references. 
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substitution amounts of Pd. To determine the 
compositions of the examined 112-type arsenides, we 
performed additional single crystal x-ray diffraction 
experiments. Using single crystalline samples with 
different nominal compositions of Ca: La: Fe: Pd: As = 
1-x: x: 1-y: y: 2, where 0 < x < 0.4 and 0 < y < 0.6, we 
clarified that both tetragonal and orthorhombic 
structures stabilize in a limited composition areas, as 
shown in Figure 5a. The monoclinic, tetragonal, and 
orthorhombic phases are obviously divided in each 
composition. 
 Based on the differences in the lattice parameters 
among monoclinic, orthorhombic and tetragonal samples, 
we suggest that deformation of the arsenic network 
structures is mainly driven by lattice expansion caused 
by Pd substitution. As summarized in Table I, the 
in-plane lattice parameters increase under increased Pd 
content, y, mainly as a result of the ionic size effect in 
which a longer lattice parameter elongates and 
destabilizes the zigzag arsenic covalent bonding with 
𝑟As−As ≅ 2.53 Å  in the superconducting monoclinic 
phase, leading to the emergence of hypervalent networks 
with longer chemical bonding with 𝑟As−As ≅ 2.82 Å in 
the tetragonal phase, as shown in Figures 5b and 5c. 
Further elongation of the in-plane lattice parameters by 
additional Pd substitution makes the hypervalent 
networks unstable, resulting in abandonment of the 
in-plane two-dimensional network structures and the 
resulting formation of the longitudinal zigzag structures. 
We would like to note that the above relation can be also 
found in other 112-type materials. Whereas hypervalent 
square networks prefer in-plane lattice parameters that 
are longer than the zigzag chain layers in the 112-type 
AnTSb2 (An: alkaline earth elements, T: 3d transition 
metals)
20-22
, the contributions of s-p hybridization are 
stabilized in the longitudinal zigzag structures as a result 
of in-plane parameters that are larger than the 
corresponding parameters in the hypervalent square 
networks in 112-type silicides
23-26
. Quantitatively, the 
deformation of the arsenic network structures is more 
sensitive against lattice expansion effects in the present 
materials compared with other conventional 112-type 
materials, implying other factors help the deformation of 
arsenic network structures in the present arsenides, such 
as carrier doping effect by substituting Fe for Pd
27
 
and/or difference in electronegativity between Fe and 
Pd. 
Finally, we would like to discuss possible 112-type 
high Tc superconductors based on various arsenic 
network structures. As clarified by the XANES 
experiments, the formal oxidation states of the 
superconducting monoclinic, orthorhombic, and 
tetragonal samples were quite similar, suggesting 
potential superconductivity in 112-type iron arsenides 
with various arsenic network structures. Considering 
that 122-type Sr(Fe1-xPdx)2As2 and Ba(Fe1-xPdx)2As2 
exhibit superconductivity within narrow x regions of 
0.05 < x < 0.10 and 0.021 < x < 0.077 for 
Sr(Fe1-xPdx)2As2
28
 and Ba(Fe1-xPdx)2As2
29
, respectively, 
we can conclude that the oversubstitution of Pd for Fe 
should suppress the emergence of superconductivity in 
the examined samples. From this point of view, utilizing 
arsenic cis-trans chains may make it possible to produce 
novel 112-type high Tc superconductivity. Cis-trans 
chains tend to prefer slightly longer lattice parameters 
than do the zigzag chain in LnTAs2
30,31
 (Ln: lanthanoide 
elements, T: 4d transition metals), suggesting that an as 
yet undescribed 112-type iron arsenide with cis-trans 
chains would require only a slight substitution of proper 
ions to produce superconductivity.  
 
■ CONCLUSION 
Taking advantage of the various network structures of 
arsenics, we successfully produced two previously 
unknown 112-type Pd doped iron arsenides. Their 
energy dependences on the anomalous dispersion terms 
of arsenic atomic form factors enabled us to determine 
accurate crystal structures for each. Considering that 
similar formal oxidation states were available among the 
monoclinic, orthorhombic, and tetragonal samples 
studied, proper tuning of substitution amounts allow 
further opportunities to investigate novel 112-type iron 
arsenide superconductors. 
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